• Patients with 58-66 chromosomes have 99% event-free survival and 100% overall survival in the 58951 EORTC-CLG study.
Introduction
Hyperdiploidy higher than 50 chromosomes (HD.50), also called high hyperdiploidy, has been recognized as a distinct entity of favorable outcome among B-cell precursor acute lymphoblastic leukemias (B-preALLs) since the early 1980s. [1] [2] [3] In HD.50, the modal number of chromosomes (MNC) ranges from 51 to 66 or 67 chromosomes, peaks at 55 or 56, and the chromosome gains occur nonrandomly: gains of chromosomes X, 4, 6, 10, 14, 17, 18 , and 21 are common within the range MNC 51-54, trisomies of chromosomes 8, 5, 11, 12 appear as of MNC 57-60 in addition to the former series, whereas gains of chromosomes 2, 3, 9, 16, and 22 are observed among the highest MNC 63-67 as evidenced in Heerema's study. [4] [5] [6] Hyperdiploidies can also be detected by flow cytometry (FCM), which measures the cellular DNA content and allows determination of the DNA index (DI). 7 In HD.50, DIs range from 1.10 to 1.45, and the cutoff 1.16 corresponds to MNC 53 or 54. 7, 8 The first study showing that outcome is heterogeneous within HD.50 has been based on DI. 7 This study has established that The online version of this article contains a data supplement.
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hyperdiploidies with DI > 1. 16 are the most favorable group in HD.50. Another study based on MNC has revealed that patients with 56-67 chromosomes fare better than those with 51-55. 5 The outcome of HD.50 has improved over years and the overall survival of patients with DI > 1.16 treated with current therapies now ranges around 95% to 96%. [9] [10] [11] [12] Other studies have focused on the favorable prognostic impact of specific trisomies or association of trisomies: 118 for the Medical Research Council group, 4, 13 14,110 for the Pediatric Oncology Group, 14 110,117 for the Children's Cancer Group, 15 and 14,110,117 on a meta-analysis of the Children's Cancer Group and Pediatric Oncology Group, 16 leading the Children's Oncology Group group to use 14,110,117 and 14,110 in conjunction with other features for stratifying patients in low risk arms. 17, 18 However, the prognostic value of these combinations has not been validated by other protocols. 4, 5, 13 Few studies have focused on the prognostic impact of structural abnormalities observed in HD.50. The poorer outcome initially reported by Pui et al 19 has not been corroborated by other large series with long follow-ups, 4, 5, 13 except for 2 reports relying on small series of patients. 20, 21 Given this absence of consensus, the current trials use different criteria for identifying patients with best prognosis. The large group of HD.50 identified by both cytogenetic analyses and DI in the 58951 European Organisation for Research and Treatment of Cancer (EORTC) Children's Leukemia Group (CLG) protocol enabled us to reassess these prognostic factors.
Materials and methods

Patients
A total of 541 children, presenting with B-preALL and HD.50, were included in this study. They were registered in the 58951 CLG-EORTC protocol that recruited 2039 patients over a 10-year period from 1998 to 2008. Diagnosis of B-lineage ALL was established according to European Group for the Immunological Characterization of Leukemia criteria. 22 Minimal residual disease (MRD) monitoring was based on polymerase chain reaction quantitation of clonospecific T-cell receptor and immunoglobulin gene rearrangements as previously described. 23 All patients were treated according to the 58951 EORTC-CLG protocol, a Berlin-FrankfurtMünster-like trial with treatment phases including induction (IA), consolidation (IB/IB9), late intensification II and maintenance, associated with chemotherapeutic central nervous system (CNS) prophylaxis without any cranial irradiation. Patients were assigned to different risk groups: very low risk (VLR), average risk (AR), and very high risk (VHR). VLR was defined as white blood cell (WBC) counts ,10 3 10 9 per liter, HD.50 identified either by karyotype or by DI . 1.16, and no CNS or gonadal involvement. VHR criteria consisted of blast counts in peripheral blood (PB) > 1 3 10 9 per liter at completion of the prephase (1 week of corticosteroids and intrathecal injection of methotrexate), acute undifferentiated leukemia, failure to achieve complete remission, or MRD > 10
22
(>1000 blasts/100 000 mononuclear cells) at completion of induction IA (D35). All AR patients were children without VLR or VHR characteristics subdivided in AR low (WBC , 100 3 10 9 per liter) and AR high (WBC > 100 3 10 9 per liter or CNS/gonadal involvement) groups described in more detail in de Moerloose et al. 24 This protocol was accepted by the EORTC Protocol Review Committee and by each local ethics committee in Belgium, France, and Portugal. In each center, informed consents were obtained from children's parents before enrolling them in the study in accordance with the Declaration of Helsinki.
Methods
Both cytogenetics and FCM were used for identifying HD.50.
Cytogenetics. Cytogenetic analyses were performed locally in 22 cytogenetic centers participating in the study, reviewed by N.D. (France, Portugal) and F.S. (Belgium). A successful karyotype of HD.50 required at least 3 abnormal metaphases. Poor-quality karyotypes with all chromosome gains difficult to ascertain but with a modal number clearly assessable were classified as successful karyotypes.
Fluorescence in situ hybridization (FISH) analyses were carried out with centromeric probes for testing gains of chromosomes X,4,6,10,14,17,18 and with probes used for FISH screening of t(9;22)/BCR-ABL, t(12;21)/ ETV6-RUNX1, and 11q23/MLL that provided data on gains of chromosomes 9, 22, 12, 21, and 11, respectively.
Flow cytometry. DI was measured locally according to standard techniques based on Vindelov's guidelines 25 and expressed as the DNA content ratio of blast cells vs reference diploid cells. In order to assess the validity of the DIs measured in each center (mDIs), the theoretical DIs (thDIs) were calculated when feasible, ie, when all chromosome gains were clearly identified on karyotypes. 8 Criteria for eligibility. Karyotypes presenting both a modal number ranging from 51 to 67 and a classical profile of chromosome gains of HD.50 were included. Because the objective of the study was to analyze the outcome of HD.50, patients with recurrent translocations or with Down syndrome were excluded.
DI was also used for detecting HD.50. When karyotypes were successful, DIs were retained whatever their value, but when they were not available, only DIs ranging from 1.10 to 1.45 were considered as indicative of HD.50.
When only FISH techniques could be used, a full set of probes comprising at least chromosomes X, 4, 6, 10, 14, 17, 18, 21 was required in order to include a patient in HD.50.
Statistical methods
EFS was measured from date of complete remission (CR) achieved either after IA or IB/IB9 to date of relapse or death in CR; patients who did not reach CR after IA/IB/IB9 were considered as events at time 0. The overall survival (OS) was measured from date of registration in the study to death, whatever the cause. For these 2 endpoints, the follow-up of patients without an event was censored at the last date of examination.
Survival distributions were estimated according to the Kaplan-Meier technique, and standard errors (SE) of estimates were obtained via the Greenwood formula. The Cox Proportional Hazards Model was used to determine the prognostic importance of each factor analyzed and to obtain hazard ratio (HR) estimates as well as corresponding 95% confidence intervals (CIs). For ordered 3-categorical variables (eg, MNC), either 2 binary variables were considered in the Cox model in order to evaluate the HR of a hazard rate category vs the one of the baseline (MNC 51-53) or an ordered categorical variable (eg, 0, if MNC 51-53; 1, if MNC 54-57; 2, if MNC 58-66). The tests used were the overall Wald test for the former and the Wald test for linear trend for the latter. 26 
Results
Frequency of HD>50
The 541 patients with HD.50 represented 26% of the 2039 patients registered in the 58 951 study and 33% of the 1651 B-preALLs. Fifteen patients were excluded from the study because they also presented either a Down syndrome (6 patients) or a recurrent translocation: 4 with t(9;22)(q34;q11), 3 with t(12;21)(p13;q22), 1 with t(1;19)(q23;p13), and 1 with an MLL rearrangement.
Number of patients according to means of identification HD.50 was detected by a successful karyotype in 446 patients (82%), by DI in 490 (91%), by both techniques in 398 patients (74%), and by FISH only in 2 (0.4%). Karyotype was not informative in 95 patients because of cytogenetic failure (55 cases), because only normal diploid cells were detected (33 cases), or because no analyses were carried out (7 cases).
Overall results
Among 541 patients, 292 were male and 249 female with a median age of 3 years (range 0-17), peaking between 2 and 5; they had low leukocytoses (median WBC 5.6 3 10 9 per liter; range 0.3-176) with WBC count lower than 10 3 10 9 per liter in 71% of patients. They were treated according to VLR, ARlow, ARhigh, and VHR risk groups in 42%, 51%, 4%, and 3%, respectively. Most patients (97%) were good responders to prephase, and 540 out of 541 achieved complete remission: 539 after induction and 1 after consolidation. MRD at D35 (assessable in 85% of patients) was ,10 23 in 419 (91.5%), 10 23 ,10 22 in 26 (5.7%), and >10 22 in 13 (2.8%). After a median 6-year follow-up, 486 (90%) of patients were in continuous complete remission (CCR), 48 (9%) relapsed, and 7 (1%) died of treatment-related toxicity. Most events occurred off therapy between the second and the sixth years of follow-up with 39 of 48 relapses in bone marrow (BM), the last one occurring at 8.5 years in BM. The 6-year event-free survival (EFS) of the cohort was 89.0% (SE 5 1.5%), and the 6-year OS was 95.9% (SE 5 0.9%). At the last follow-up, 519 (96%) were alive.
Cytogenetic features of HD>50
Modal numbers ranged from 51 to 66 chromosomes, peaking at 54 (77 cases), 55 (65 cases), and 56 (76 cases). The gains duly identified involved chromosome 21 in 98% of patients; chromosomes 6, 4, X, 14, 4, 18, 10, and 17 in 67% to 84% of patients; chromosomes 8, 5, 9, 11, 22, and 12 in 17% to 37% of patients; and chromosomes 15, Y, 19, 7, 16, 20, 2, 3, and 13 in 6% to 10% of cases. Structural abnormalities were detected in 47% of good-quality karyotypes (197 of 421). The most frequent fully identified changes were trisomies 1q (n 5 61), deletions 6q (n 5 20), isochromosomes 7q (n 5 13), deletions 12p (n 5 11), deletions 9p (n 5 8), isochromosomes 17q (n 5 7), and 14q32 abnormalities (n 5 5). Abnormalities not fully identified (markers) were reported in 86 karyotypes.
DNA index
Comparison of mDI with thDI was feasible for 368 patients. The values of mDI and thDI were identical in 92 patients (24%). In the remaining population, the median difference was 0.02 (range 0.01-0.16). There were 15 patients with DI in the normal range attributable to a failure of FCM to detect the aneuploid clone. Considering that the thDI is the expected value for a given patient, we can state that mDIs were overestimated in 139 patients (38%) and underestimated in 129 (35%). However, despite these discrepancies, 80% of patients remained in the same subgroup (the 3 subgroups defined by different outcomes: ,1.16/>1.16 to ,1.24/>1.24) even with an under-or overestimated value of DI. The percentage of DIs leading to misclassification was 10% at each cutoff (1.16 and 1.24): 5% of overclassification and 5% of underclassification. The comparison of mDI and thDI obtained for each MNC (Table 1) showed that each MNC had the same median values of mDI and thDI and that mDI equal to 1.16 corresponded to MNC 54. This comparison led us to select MNC 54 as equivalent to mDI 1. 16 and MNC 58 as equivalent to 1.24.
Correlation between MNC and DI Table 2 , in the row labeled "Measured DNA index," shows that the populations of patients selected by MNC and DI differed for a few patients. The example of the 101 patients included in the subgroup 58-66 MNC shows that most patients (n 5 66) presented DI > 1.24, but 22 had DIs lower than 1.24. Three main reasons accounted for these low values of DI. One of them was linked to the range of mDIs observed among patients with 58 chromosomes: their median mDI was 1.24, but the range was wider (from 1.21 to 1.27), which explains why patients with mDIs ranging from 1.21 to 1.23 were classified in the subgroup MNC 58-66 but in the intermediate subgroup of DI. The second reason related to the underestimation of mDI evidenced by comparison of mDI with thDI (previously explained), and the third (minor) reason corresponded to measurement errors of DI, as in the 4 patients with DI lower than 1.16 incompatible with MNC 58-66.
Outcome
Outcome was assessed according to MNC in the 446 patients with a successful karyotype. This group is representative of the entire cohort as shown by their outcomes, 6-year EFS of 89.4% (SE 5 1.6%) and 6-year OS of 96.2% (SE 5 0.9%), comparable to those of the 541 HD.50. Used as a continuous variable, MNC appeared to be of prognostic importance for EFS: the higher the MNC, the lower the risk of an event (HR for each increment in MNC: 0.82, P 5 .003). With a cut-point at MNC 55 (MNC 51-54 vs MNC 55-66 chromosomes), the HR was 0.52 (P 5 .054), whereas with a cut-point of 54, it was 0.36 (P 5 .0006). Six-year EFS of the 87 patients with 51 to 53 chromosomes was 80%, whereas that of the 359 patients with 54 to 66 chromosomes was 92%. In the latter group, we further looked for an additional cut-point for MNC in order to define 2 subgroups comprising a sufficient number of patients with a distinct outcome. The 6-year EFS of the subgroups MNC 54-57 chromosomes (258 patients) and MNC 58-66 chromosomes (101 patients) were 89% (95% CI: 84% to 92%) and 99% (95% CI: 93% to 100%), respectively ( Figure 1 and Table 2 ). Their OS were 97% (95% CI: 94% to 99%) and 100%, respectively. Outcome according to DI showed that patients with DI > 1.16 fared better (6-year EFS: 91%) than did those with DI , 1.16 (6-year EFS: 82%) (HR: 0.49; P 5 .01). To analyze outcome as we did for MNC, we subdivided patients into 3 groups with 2 cutoffs: 1.16 and 1.24, equivalent to MNC 54 and 58, respectively. Patients with DI > 1.24 had the best outcome (6-year EFS: 94%) compared with those with DI > 1.16 to ,1.24 (6-year EFS: 90%) and those with DI , 1.16 (6-year EFS: 82%) (Figure 2 and supplemental Table 1 ). To compare the prognostic importance of MNC and DI, we then tested only patients who had available both MNC and DI (n 5 398). Analyses performed on these 398 patients showed results similar to those obtained from 490 patients with available DI.
Outcome was also tested according to presence of trisomies or combination of trisomies. Only trisomies 4 (6-year EFS: 92%; P 5 .025) and 18 (6-year EFS: 91%; P 5 .012) proved to be significant favorable factors in our study and their association (14,118) showed a stronger significance for good outcome (6-year EFS: 93%; P 5 .002). In order to compare our findings with those in other protocols, we studied the outcome of patients with double trisomies (DT) 14,110 and triple trisomies (TT) 14,110,117, although isolated trisomies 10 or 17 were not of prognostic importance in our series. The 242 patients with DT fared better than did those without (6-year EFS of DT: 94% vs non-DT: 84%; P 5 .003), and the 168 patients with TT fared better than those without (6-year EFS of TT: 95% vs non-TT: 86%; P 5 .005). However, To compare the prognoses of these combinations of trisomies with that of our best group of MNC (MNC 58-66), we tested their outcome when they were not associated with MNC 58-66. These hierarchical variables showed that any combination of trisomies had a less favorable outcome when found in karyotypes with MNC lower than 58. The DT 14,118 had 100% EFS in the group MNC 58-66 but only 91% when MNC ranged from 51 to 57 chromosomes (MNC 51-57), whereas the DT 14,110 showed 100% EFS when associated with MNC 58-66 and 91% EFS for MNC 51-57. Similar results were found in all combinations of TT (EFS of 14,110,117: 100% when associated with MNC 58-66 and 93% for MNC 51-57) (EFS of TT 14,110,118: 100% when associated with MNC 58-66 and 92% for MNC 51-57). Likewise, the 4 trisomies together 14,110,117,118 had a lower EFS (93%) in the MNC 51-57 group in comparison with their EFS in the MNC 58-66 group (100%).
Other factors did not appear to be of prognostic importance: gender, age, WBC, presence/absence of structural abnormalities, response to the prephase, and risk groups (supplemental Table 2 ). This might be due to the low number of events or to the impact of AR and VHR treatments on the outcome of the non-VLR group.
Multivariate analysis MNC and DI were highly correlated (Table 2) ; therefore by including these 2 variables in a Cox model, a collinearity phenomenon occurred: the relative prognostic importance of MNC remained highly significant, whereas that of DI was no longer significant, the corresponding HR being even greater than 1 (Table 3 , model 1).
In the whole 446 series, MNC remained of strong prognostic importance after adjustment by initial WBC or by EORTC risk groups, which were highly correlated with MNC (Tables 2 and  3) . Similar results were obtained when VHR risk group also included patients switched to a VHR treatment after induction (data not shown).
The prognostic importance of MNC adjusted by MRD level evaluated on D35 remained highly significant (Table 3 , model 4).
Discussion
The 541 patients in our series of HD.50 presented the standard features expected for this entity. Their frequency (26% in the 58951 trial and 33% of B-preALLs) is in agreement with other large series of childhood ALLs reported in literature (reviewed by Paulsson et al 27 ) as well as the slight predominance of males (54%), the young age of patients, and the low leukocytoses. The 6-year EFS of 89.0% and the 6-year OS of 95.9% found in our series of HD.50 treated between 1998 and 2008 are in keeping with the overall improvement reported by other protocols during similar periods of time. [9] [10] [11] [12] [13] 18 Improvement in outcome, obtained not by new medication but by an optimal use of existing drugs, is observed for all cytogenetic groups, as demonstrated by the outcome of patients with t(12;21)/ETV6-RUNX1 in our 58 951 protocol (6-year EFS: 91.6%; 6-year OS: 96%).
Heterogeneity of prognosis within the HD.50 entity has already been emphasized by several authors, but the outstanding outcome of patients with the highest MNC, found in our series, has not been reported to date: we here show that patients with 58 to 66 chromosomes stand every chance of being cured (6-year EFS: 99% and 6-year OS: 100%).
The group of 101 patients with MNC 58-66 that had an excellent outcome comprised 23% of patients with a successful karyotype and 18% of the entire cohort. It is worth noting that this group consisted of more males than females (sex ratio: 1.65), had fewer peripheral blast cells at diagnosis, and was most frequently treated with less-intensive therapy. The favorable impact of increased MNC was further demonstrated by the outcome of the subgroup of 53 patients with MNC > 60 chromosomes who had a 6-year EFS of 100%, no positive MRD at D35, and no relapses. The male preponderance was even stronger in this small group (sex ratio: 1.8) as well as the frequent VLR stratification (64% of patients). In the MNC 58-66 group, the 20 patients with potential adverse risk factors were all in CCR at 6-year follow-up. They included 16 National Cancer Institute high-risk patients with undetectable MRD at D35 (14 assessable) treated according to VLR, ARlow, and ARhigh in 6, 9, and 1 patient, respectively, 3 patients with detectable MRD (1 with MRD > 10 22 and 2 with MRD 10 23 to , 10 22 ), and 1 with WBC . 100 3 10 9 per liter. These 20 patients were all good responders to prephase. The only patient who relapsed was a 4-year-old girl with WBC 4.8 3 10 9 per liter, undetectable MRD after IA, 58 chromosomes on karyotype, a standard profile of gains, and ikaros family zinc finger 1 deletion, which may have affected her prognosis.
Unlike in previous reports, 4, [13] [14] [15] [16] in our study the number of chromosomes was more significant than any specific trisomies or any combination thereof. Nevertheless, our results do not contradict these reports because we found more favorable prognoses among patients with 118, with double trisomies 14,110 or triple trisomies 14,110,117 as in the MRC and Children's Oncology Group series, respectively. Our data differed by showing that other combinations of trisomies (14,118 and 14,110,118) were also significant favorable factors and that any association of trisomies fared worse when karyotypes had fewer than 58 chromosomes, thus demonstrating that MNC had a stronger prognostic impact and that the good outcomes of specific trisomies were mostly due to their association with MNC higher than 58. If the prognostic impact of these trisomies had been stronger than MNC, they would have conferred the same favorable prognosis independently of the MNC. Given the sequential and nonrandom gains that occur in HD.50, any combination of trisomies are more likely to occur when MNC rises and almost all chromosomes contribute to trisomies in the MNC 58-66 group. Patients with the best prognosis were also identified by DI assessed by FCM. Patients with DI > 1.24 (DI equivalent to MNC > 58) fared the best. Despite the strong correlation between MNC and DI, DI proved to be less accurate than MNC for identifying the subgroup of patients with an excellent outcome because individual patients with 58 or 59 chromosomes may have a DI lower than 1.24 (because 1.24 is a median value), and also because DI may be underestimated as evidenced by the comparison between thDI and mDI. Despite these technical drawbacks, our results show that the subgroup of patients with the best outcomes can also be identified by DI (DI > 1. 24) .
Different factors may have contributed to the excellent results obtained in patients with the highest ploidy and to the emergence of the subgroup MNC 58-66. One of them is excluding HD.50 with t(9;22) and MLL rearrangement that confers adverse risk. Likewise, our series did not contain near-triploidy/duplication of hypodiploidy 30-39 chromosomes, a rare entity in childhood ALL associated with a dismal outcome that may be difficult to single out when the hyperdiploid clone is preponderant and the hypodiploid nonproliferative. 28 However, the main reason probably lies in the overall improvement of outcome obtained with current therapies. This is exemplified in our EORTC trials by the improved outcome obtained with the 58 951 protocol (reported in this study) compared with that of the previous decade (58 881 protocol), in which HD.50 (selected on the same criteria as in 58 951) had lower EFS and OS (6-year EFS and OS: 81.7% and 88.6%, respectively). In the 58 881 protocol, MNC had an impact on outcome (P 5 .0002), but there was no difference in outcome between the 54-57 and 58-66 MNC groups (6-year EFS: 85%) (supplemental Figure 1) . These poorer results may be explained by a less-effective Asparaginase received by some patients during induction or reintensification, 29 which had a significant impact on HD.50 as shown by the better outcomes obtained with E. coli Asparaginase (supplemental Figure 2 and supplemental Table 3 ) and the improved EFS of all MNC groups when only those patients who received the most effective Asparaginase were considered (supplemental Figure 3) . The other therapeutic changes initiated in the 58 951 study that may account for the overall improvement obtained were the stopping of intravenous administration of 6-Mercaptopurine during maintenance, which proved to be detrimental to outcome 30 (supplemental Figure 4) ; therapy intensification (AR high) for patients with WBC > 100 3 10 9 per liter or extramedullary involvement that might explain why WBC counts were no longer of prognostic value in the 58 951 study; the shift to VHR for patients who had MRD > 10 22 at D35 and an increased number of intrathecal chemotherapy administrations that decreased the risk of CNS relapse and possibly of nonCNS relapse as well. However, it must be emphasized that the 58-66 MNC group with excellent outcome was little affected by 2 of these changes (MRD and intensification for high WBC) because this group was closely linked to good risk factors and therefore frequently treated in the VLR or AR-low arm. Moreover, the de-escalation of therapy applied to VLR patients contributed to the low number of toxic deaths (1% of patients) observed in the 58 951 protocol. Nevertheless, the excellent outcome reported here for patients with the highest MNC and DI, established on retrospective analysis of data and optimized cut-points, requires confirmation on an independent cohort of patients treated with current therapies, especially the cut-point 58 chromosomes/DI:1.24 reported for the first time. If data on 58-66 chromosomes are validated, they call for further treatment de-escalation. Our results are in agreement with previous reports on HD.50 with low ploidy level 5, 7 because patients with 51 to 53 chromosomes and DI , 1.16 had the lowest EFS and OS, although they were mainly stratified in the AR arms in the 58 951 protocol. These results confirm that patients with low ploidy level, even though they belong to HD.50 and have a relatively good outcome (in comparison with nonhyperdiploid ALLs) should not be submitted to deescalation. Further studies are needed for clarifying why there are such heterogeneous prognoses among patients with HD.50.
In conclusion, in a large series of patients with HD.50, our results showed that ploidy has the strongest prognostic value and that its impact has not been neutralized by improved therapies of the last decades. In our study, the best indicator for excellent outcome was ploidy assessed with karyotype. Ploidy assessed by DI was also a good indicator, although less significant. MNC has only been provided so far by conventional karyotype but when microarray genomic profiling becomes cost effective and widespread among cytogenetic laboratories, chromosome gains will also be inferred with higher accuracy from copy number aberrations. DI obtained by CMF is and will remain a useful supplement of karyotype or copy number aberrations for verifying the presence of aneuploid clones.
